In this study, we investigated the pro-proliferative, pro-transdifferentiation effects and mechanisms of nerve growth factor (NGF), internal limiting membrane (ILM), and NGF+ILM on Müller cells. The Müller cells cultured with NGF, ILM or both were mediated with tyrosine kinase A (TrkA) (a high affinity receptor for NGF) inhibitor, phosphatidylinositol 3 kinase (PI3K)/protein kinase B (Akt) (an intracellular signaling pathway important in regulating the cell cycle) inhibitor, or LIN28 (a RNA-binding protein and a posttranscriptional regulator of genes involved in developmental timing and self-renewal in embryonic stem cells) siRNA. Immunofluorescence (IF), western blotting (WB) and quantitative real-time polymerase chain reaction (qRT-PCR) were performed to detect the expression of related genes. As a result, NGF, ILM and NGF+ILM promoted cell proliferation, increased the ratio of 5-bromo-2-deoxyuridine (BrdU)-positive cells, and were correlated with TrkA and PI3K/Akt signaling. NGF alone promoted cell dedifferentiation and redifferentiation mainly towards neurons rather than towards glial cells, related to TrkA and PI3K/Akt signals. The expression of p-Akt and cyclinD1 was increased by the intervention of NGF, ILM or NGF+ILM via TrkA and PI3K/Akt signals. NGF alone promoted the expression of paired box 6 (PAX6) (a transcription factor present during embryonic development), sex-determining region Y-box 2 (SOX2) (a transcription factor essential for the self-renewal, or pluripotency, of undifferentiated embryonic stem cells) and LIN28, and inhibited the expression of lethal-7 (Let-7b), Let-7d, Let7i and miR-98 (microRNAs, key developmental regulators). The expression of Achaete-scute homolog 1 (Ascl1, also called MASH1) (a neurodevelopmental gene) and endogenous NGF (closely related to neurogenesis) was also promoted by exogenous NGF and related to TrkA and PI3K/Akt signaling. The down-regulation of LIN28 significantly antagonized the effects of NGF on the transdifferentiation of Müller cells. Over all, our results showed that NGF promoted the proliferation and transdifferentiation of Müller cells towards photoreceptor neurons-not towards glial cells, which was related to the LIN28/Let-7 pathway through TrkA and PI3K/Akt signals. Additionally, ILM promoted Müller cells to enter the cell cycle and enhanced cell proliferation, since NGF+ILM promoted the proliferation of Müller cell more significantly than NGF alone.
Introduction
Idiopathic macular hole (IMH) is a severe blindness disease with poor prognosis, especially for stage III and IV. Despite significant advances in surgical techniques, visual outcome and the time to achieve vision improvement vary (Kim et al., 2017) and better therapies are needed. The incidence for all IMH stages is about 0.033% in those 60-70 years old, 11.7% of which are binocular, and 2/3 of incidences occur in women (Casuso et al., 2001) .
The pathogenesis of IMH is complex, including attachment and traction of vitreous cortex and internal limiting membrane (ILM). The key factor is functional abnormalities of Müller cells with ILM damage (Kelly and Wendel, 1991; Nangia et al., 2012; Lois et al., 2011) . Müller cells are neuroglia specific to the retina and span all layers of the retina, performing fine regulations on their environment, contacting all neurons and synapses, protecting the structure of retina, and secreting a variety of neurotropic factors (Newman and Reichenbach. 1996) . ILM is a basement membrane, produced by Müller cells, providing a basement for cells to proliferate on. Previously, nerve growth factor (NGF), and ILM were found to promote the proliferation and cell cycle progression of Müller cells (Shiode et al., 2017) . Several signaling pathways related to cell activity and the cell cycle were involved in the mechanism of NGF affecting Müller cells. Wang et al. found that NGF promoted the proliferation of Müller cells through tyrosine kinase A (TrkA), https://doi.org/10.1016/j.exer.2018.12.005 Received 13 September 2018; Received in revised form 12 December 2018; Accepted 12 December 2018 phosphatidylinositol 3 kinase (PI3K)/protein kinase B (Akt) and extracellular signal regulated kinase 1/2 (ERK1/2) (the extracellular protein kinases which promote the cell proliferation and differentiation) pathways, and that vascular endothelial growth factor precursor (VEGF) (which promotes angiogenesis) level was enhanced through TrkA by NGF (Wang et al., 2016) . These findings produced a clearer understanding of the activation mechanism of Müller cells and the pathological mechanism of IMH.
Studies have shown that transplantation of ILM into the IMH repairs damage to the retina (Morizane et al., 2014; Dai et al., 2016) . During these processes, Müller cells proliferate and migrate outward, forming a glial scar in the sub-retinal space, hindering the remaining retina from obtaining nutrients and survival supports from the microenvironment, causing photoreceptor cells and neurons to die gradually. The regeneration of photoreceptor cells is also blocked (Agca et al., 2013) , and the expression of the interleukin cytokine gene leukemic inhibitory factor (LIF) increases significantly. However, these repairs eventually form a healing scar, which is not considered an ideal repair (Agca et al., 2015) . We hope our data will lead to improved treatment for IMH, avoiding scar formation from the self-activation of Müller cells (Jian et al., 2015b) .
Müller cells hold the potential of retinal progenitor cells morphologically and functionally (Karl et al., 2008; Otteson and Philips, 2010) . NGF plays an important role in the dedifferentiation of Müller cells (Ibáñez and Andressoo, 2017) and in chronic retinitis pigmentosa, and NGF transiently promotes the dedifferentiation of Müller cells via Hes family bHLH transcription factor 1 (Hes 1) (Jian et al., 2015a, b) .
Additionally, rat bone marrow mesenchymal stem cells (rBMSCs) secrete NGF steadily and promote Müller cells to dedifferentiate in vivo and in vitro. Moreover, the expression of nestin (a type VI intermediate filament (IF) protein expressed mostly in nerve cells), paired box 6 (PAX6) and sex-determining region Y-box 2 (SOX2) is enhanced in the undifferentiated and divisible neural precursor cells, and the ratio of cone-rod homeobox (Crx) (a biomarker for the differentiation of photoreceptor cells) and rhodopsin (a light-sensitive receptor protein involved in visual phototransduction) positive photoreceptor cells is reported to increase (Jian et al., 2015a) . However, the mechanisms for the above are not yet clear. Based on the above findings, we speculate that NGF may promote its transdifferentiation towards photoreceptor cells, so we planned a deeper investigation.
MicroRNAs (miRNAs) are non-coding single-stranded RNA molecules that regulate gene expression and are widely involved in biological processes (Mohr and Mott, 2015) . The let-7 family is a highly conserved miRNA group. Humans have 10 let-7 members, processed from 13 precursors (pre-let-7) (Roush and Slack, 2008) . Let-7 miRNAs participate in multiple regulations: let-7b inhibits the translation process of cyclin D1 (Cimadamore et al., 2013) ; let-7i inhibits the expression of Achaete-scute homolog 1 (Ascl1, also called MASH1) (Cimadamore et al., 2013) ; and let-7d and miR-98 prevent the production of NGF (Li et al., 2015) . MASH1/Ascl1a is involved in neurogenesis (Williams et al., 2015) . The expression and maturation of let-7 members are regulated by an RNA binding protein, LIN28. In vertebrates, LIN28 is expressed during embryo and tissue development (Yokoyama et al., 2008) , and it participates in neuronal differentiation via inhibiting let-7 members (Ramachandran et al., 2010) . The precursor cell marker SOX2 enhances the acetylation level of the promoter region of LIN28 by binding acetyltransferase, promoting the expression of LIN28 and reducing the level of let-7b and let-7i. The interaction between LIN28 and let-7 miRNAs promotes the differentiation of neural progenitor cells into nerve cells, leading to enhanced positive staining of class III beta-tubulin (TUJ1) and microtubule-associated protein 2 (MAP2) (Cimadamore et al., 2013) .
In this study, we investigated the transdifferentiation effects and the mechanism of NGF, ILM, and NGF+ILM on Müller cells, which might provide helpful hints to improve therapy for IMH in the long run.
Material and methods

Materials
Müller cells and ILM were from organ donors. The study followed the tenets of the Declaration of Helsinki for research involving human subjects. The use of human material was approved by the Ethics Committee of Zhejiang provincial people's hospital. The other materials were the following: primary antibodies against glutamine synthetase (GS), vimentin, 5-bromo-2-deoxyuridine (BrdU, an analog of thymidine), SOX2, POU class 4 homeobox 2 (Brn3b), PAX6, LIN28 and MASH1 (Abcam, US), Akt, p-Akt, cyclin D1 and NGF (Affinity, US), glial fibrillary acidic protein (GFAP) and Crx (NOVUS, US) (Table S1 ); SyBr Green PCR kit (Thermo Fisher, US); inhibitors for TrkA (K252ɑ) and Akt (LY294002) (MCE, US); TRIzol reagent (Roche, US) and All-in-One First-Strand cDNA Synthesis Kit (Transgene, China); the Cell Counting Kit 8 (CCK8) (Dojindo, Japan).
Isolation of primary Müller cells and ILM
For Müller cell isolation, retinas were isolated after removing the sclera, choroid, retinal pigment epithelium and vitreous body and cut into approximately 1 mm 3 pieces and processed with trypsin. Cells were cultured in complete 1640 medium (Hyclone, US) with 20% fetal bovine serum (FBS, Gibco, US) in 5% (v/v) CO 2 at 37°C for 12 h. The cells were washed twice with D-Hank's buffer to remove floating retinal neurons and vascular endothelial cells and refilled with complete medium. The Müller cells were isolated from two eyes from two people; one was 32 years old, and the other was 49 years old. The Müller cells at passage one were verified with IF staining for vimentin and GS (two biomarkers of Müller cells) staining, and the Müller cells at passage two were used in further experiments. The positive rates for vimentin and GS staining were determined to be greater than 80% before cells were used in further experiments. ILM was harvested from eyeballs using disposable syringe needles in the biosafety hood in our laboratory. Crochet hooks made from syringe needles were used to provoke the edge of ILM. The boundaries of ILM peeling were observed via reflection changes of retinal surface in the front and back of the ILM.
Cell treatment
ILM was placed in 1640 medium for 24 h followed by incubation in 12-well plates, then Müller cells (0.5 × 10 5 cells/well) were seeded in the plate with 20% FBS. 1 ng/ml NGF was used for treatment (Garcia et al., 2014) . Media were replaced with fresh media containing 5 ng/ml NGF to maintain the stated concentration of NGF per day. For inhibitor experiments, Müller cells+NGF/ILM/NGF+ILM were pretreated with K252α (400 nM) and LY294002 (10 μM) for 48 h.
Immunofluorescence staining
After laying coverslip glass into separate wells of a 24-well plate, 1 ml medium with 5 × 10 4 cells of each group was added to each well and was incubated overnight. For the BrdU test, which was used to detect cell proliferation, BrdU was added to each group (up to 10 μM) and incubated for 2 h. Primary antibody was added, and the plate was incubated overnight. Fluorescent (FITC) labelled goat anti-rabbit IgG and fluorescent (Cy3) labeled sheep anti-mouse IgG were used to treat the glass coverslips. DAPI solution was dropped on the coverslip to stain the nucleus, and the coverslip was observed under the fluorescence microscope.
Western blot analyses
The total cellular proteins extracted from different cell groups were analyzed by WB as previously described (Wang et al., 2016) . 30 μg of total protein lysates were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and expression levels were detected with specific primary antibodies. The gray-scale of the blots was quantified by Quantity One software (Bio-Rad).
Total RNA isolation and qRT-PCR
Total RNA was isolated using TRIzol reagent (Roche, US). 1 μg total RNA was reverse transcribed into cDNA. The primer information is listed in Supplementary Table S1. All samples were measured with 5 technical replicates. U6 served as the internal reference. Gene expression was analyzed with 2 -ΔΔCt method.
Statistical analysis
All experiments were repeated three times, and at least three replicates were included in each experiment. Data were presented as mean ± SD. The comparison was performed by one-way ANOVA test followed by Bonferroni's multiple comparison and Mann-Whitney U test, and p < 0.05 was considered to be statistically significant.
Results
Effects of NGF, ILM or NGF+ILM on the expression of markers important for cell proliferation, transdifferentiation
Müller cells were successfully prepared and passed the preset quality check of 80% positively stained (Fig. S1 , the double-staining rates of GS and vimentin were high, and the cell morphology was typically spindle-shaped). NGF, ILM and NGF+ILM all increased the proportion of GS+BrdU double-positive cells (all p < 0.01, Fig. 1A) , and NGF+ILM was statistically more effective than NGF and ILM (both p < 0.01, Fig. 1A ). After adding K252α or LY294002, that proportion decreased (all p < 0.01, Fig. 1A ), indicating that NGF, ILM and NGF +ILM promoted the proliferation of Müller cells via TrkA and PI3K/Akt pathway. Moreover, for the GS+BrdU double-positive cells, either with or without K252αor LY294002, NGF and NGF+ILM treatment showed no statistical difference (p > 0.05, Fig. 1A, Fig. S2 ), though NGF and NGF+ILM were both statistically higher than ILM (both p < 0.05, Fig. 1A, Fig. S2) .
NGF increased the proportions of GS+SOX2, GS+Brn3b (a transcription factor important in control of cell identity) and GS+Crx double-positive cells (all p < 0.01, Fig. 1B, D, 1E, Fig. S2 ), while adding K252α or LY294002 caused those proportions to decrease (all p < 0.01, Fig. 1B, D, 1E, Fig. S2 ), indicating that NGF promoted the transdifferentiation of Müller cells via TrkA and PI3K/Akt pathways. For NGF+ILM treatment, the proportion of these double-positive cells increased (all p < 0.01), and was inhibited by K252αor LY294002 (all p < 0.01). With ILM treatment, the proportion of these double-positive cells didn't change (Fig. 1B, D, 1E, Fig. S2 ), indicating that the effect of NGF+ILM on the transdifferentiation of Müller cells could be from NGF rather than ILM. Those inhibitors didn't significantly reduce the proportion of double-positive cells in ILM treatment because the background of double-positive signals in the ILM group was already too low to show a difference. Moreover, for double-positive cells, either with or without K252α or LY294002, NGF and NGF+ILM showed no statistical difference (all p > 0.05, Fig. 1B, D, 1E, Fig. S2 ), and NGF and NGF +ILM both created higher levels of double-positive cells than ILM did (both p < 0.05, Fig. 1B, D, 1E, Fig. S2) .
NGF decreased the fluorescence intensity of GFAP (an intermediate filament important in gliosis) in cells (p < 0.01, Fig. 1C, Fig. S2 ), while adding K252α or LY294002 increased the fluorescence intensity (both p < 0.01, Fig. 1C, Fig. S2 ), indicating that NGF promotes the phenotypic transformation of Müller cells via TrkA and PI3K/Akt pathways. With NGF+ILM treatment, the fluorescence intensity of GFAP in cells decreased (p < 0.01, Fig. 1C, Fig. S2 ), while adding K252α or LY294002 increased the intensity (both p < 0.01, Fig. 1C, Fig. S2 ). With ILM treatment, there was no intensity change before or after adding K252α or LY294002 (p > 0.05, Fig. 1C, Fig. S2 ), indicating that the effect of NGF+ILM on the phenotypic alteration of Müller cells could be from NGF rather than ILM. Moreover, for the fluorescence intensity of GFAP, either with or without K252αor LY294002, NGF and NGF+ILM showed no statistical difference (p > 0.05, Fig. 1C, Fig. S2 ), and NGF and NGF+ILM were both higher than ILM (both p < 0.05, Fig. 1C, Fig. S2 ).
Expression of proliferation-and transdifferentiation-related proteins was affected by NGF, ILM or NGF+ILM
NGF or NGF+ILM increased the expression of p-Akt, PAX6, SOX2, cyclin D1 (an important cell cycle promoter), endogenous NGF and MASH1, while adding K252α or LY294002 decreased their expression (all p < 0.01, Fig. 2) . Additionally, ILM increased the expression of pAkt and cyclin D1 (all p < 0.01, Fig. 2 ), while adding K252α or LY294002, the decreased their expression (all p < 0.01, Fig. 2 ). ILM did not affect the expression of PAX6, SOX2, endogenous NGF or MASH1, before or after adding K252α or LY294002 (p > 0.05, Fig. 2 ). Moreover, with or without K252α or LY294002, NGF and NGF+ILM were not significantly different in their ability to alter expression (p > 0.05, Fig. 2) , and NGF and NGF+ILM were both higher than ILM in this regard (both p < 0.01, Fig. 2 ).
NGF, ILM or NGF+ILM affected LIN28/Let-7 signal
The role of LIN28/Let-7 in neural differentiation has been reported: NGF, MASH1, and cyclinD1 are the target genes of the let-7 family. We speculated that the effects of NGF, ILM and NGF+ILM on cell proliferation and transdifferentiation were related to LIN28. Fig. 3A shows that NGF and NGF+ILM increased the expression of LIN28 (both p < 0.01), while ILM showed no significant effect (caption on next page) L. Zhang et al. Experimental Eye Research 180 (2019) 146-154 (p > 0.05). After adding K252α or LY294002, LIN28 expression with NGF and NGF+ILM decreased (both p < 0.01). Fig. 3A also shows that the expression of LIN28 was not affected by ILM, nor was it affected by K252α or LY294002 (all p > 0.05). Moreover, with regard to LIN28 expression, with or without K252α or LY294002, NGF and NGF+ILM were not significantly different (p > 0.05, Fig. 3A) , and NGF and NGF +ILM both induced expression levels higher than ILM did (both p < 0.05, Fig. 3A ). Fig. 3B shows that the expression of let-7b, let-7d, let-7i and miR-98 were decreased by NGF or NGF+ILM (all p < 0.01), but expression increased after adding K252α or LY294002 (all p < 0.01). Fig. 3B also showed that the expression of let-7b was decreased by ILM (p < 0.01) and significantly increased after adding K252α or LY294002 (p < 0.01). Expression of let-7d, let-7i and miR-98 was not altered by ILM before and after adding K252α or LY294002. Moreover, either with or without K252α or LY294002, NGF and NGF+ILM were not statistically different in their ability to alter expression (p > 0.05, Fig. 3B ), and NGF and NGF+ILM were both statistically lower than ILM in this regard (both p < 0.05, Fig. 3B ).
LIN28 siRNA antagonized the effects of NGF, ILM or NGF+ILM on the expression of markers important for cell proliferation, transdifferentiation
The results presented in Fig. S3 indicate that LIN28 siRNA1 interference was the most significant (about 60%). Therefore, LIN28 siRNA1 was selected for subsequent experiments.
NGF, ILM and NGF+ILM all increased the proportion of GS+BrdU double-positive cells (all p < 0.01, Fig. 4A ), and NGF+ILM was statistically more effective than NGF or ILM (both p < 0.01, Fig. 4A) ; after adding LIN28 siRNA, that proportion decreased (all p < 0.01, Fig. 4A ), indicating that NGF or ILM increased cell proliferation by increasing LIN28 expression. Moreover, for the proportion of doublepositive cells, either with or without adding LIN28 siRNA, NGF and NGF+ILM showed no statistical difference (p > 0.05, Fig. 4A, Fig. S4 ), and NGF and NGF+ILM were both statistically higher than ILM (both p < 0.05, Fig. 4A, Fig. S4) .
NGF increased the proportion of GS+SOX2, GS+Brn3b and GS +Crx double-positive cells (all p < 0.01, Fig. 4B, D, 4E, Fig. S4 ), while adding LIN28 siRNA, those proportions decreased (all p < 0.01, Fig. 4B, D, 4E, Fig. S4 ), indicating that NGF promoted the transdifferentiation of Müller cells by increasing LIN28 expression. For NGF+ILM treatment, those proportions increased (all p < 0.01, Fig. 4B, D, 4E , Fig. S4 ), and decreased after adding LIN28 siRNA (all p < 0.01, Fig. 4B, D, 4E, Fig. S4 ), while for ILM treatment, there was no such change (all p > 0.05, Fig. 4B, D, 4E, Fig. S4 ), indicating that the effect of NGF+ILM on the transdifferentiation of Müller cells was possibly from NGF rather than ILM by increasing LIN28 expression. Moreover, for those proportions, either with or without adding LIN28 siRNA, NGF and NGF+ILM had no statistical difference (all p > 0.05, Fig. 4B, D,  4E, Fig. S4 ), and NGF and NGF+ILM were both statistically higher than ILM (all p < 0.05, Fig. 4B, D, 4E, Fig. S4) .
NGF decreased the fluorescence intensity of GFAP in cells (p < 0.01, Fig. 4C, Fig. S4 ), while adding LIN28 siRNA, that fluorescence intensity increased (p < 0.01, Fig. 4C, Fig. S4 ), indicating that NGF promoted the phenotypic transformation of Müller cells by increasing LIN28 expression. For NGF+ILM treatment, that fluorescence intensity decreased (p < 0.01, Fig. 4C, Fig. S4 ), while adding LIN28 siRNA, that proportion increased (p < 0.01, Fig. 4C, Fig. S4 ), while for ILM treatment, there was no change before and after adding LIN28 siRNA (both p > 0.05, Fig. 4C, Fig. S4) , indicating that the effect of NGF+ILM on the phenotypic alteration of Müller cells was possibly from NGF rather than ILM. Moreover, for the fluorescence intensity of GFAP, either with or without K252αor LY294002, NGF and NGF+ILM had no statistical difference (p > 0.05, Fig. 4C, Fig. S4) , and NGF and NGF+ILM were both statistically higher than ILM (both p < 0.05, Fig. 4C, Fig. S4 ).
3.5. The expression of let-7 family members and several proliferation-and transdifferentiation-related proteins were affected by LIN28 siRNA Fig. 5A showed: NGF or NGF+ILM decreased the expression of let7b, let-7d, let-7i and miR98 (all p < 0.01, Fig. 5A ), and the expression increased with adding LIN28 siRNA (all p < 0.01, Fig. 5A ); ILM significantly decreased the expression of let-7b (p < 0.01, Fig. 5A ), and the expression increased with adding LIN28 siRNA (p < 0.01, Fig. 5A ); ILM and ILM+LIN28 siRNA didn't significantly alter the expression of let-7d, let-7i and miR98. Moreover, for those expressions, either with or without K252α or LY294002, NGF and NGF+ILM had no statistical difference (all p > 0.05, Fig. 5A ), and NGF and NGF+ILM were both statistically lower than ILM (all p < 0.05, Fig. 5A ).
Fig
. 5B and C showed: NGF or NGF+ILM increased the expression of LIN28, cyclinD1, endogenous NGF and MASH1 (all p < 0.01, Fig. 5B and C), and the expression decreased after adding LIN28 siRNA (all p < 0.01, Fig. 5B and C) ; ILM increased the expression of cyclinD1 (p < 0.01, Fig. 5B and C) , and the expression decreased after adding LIN28 siRNA (p < 0.01, Fig. 5B and C); ILM and ILM+LIN28 siRNA didn't significantly alter the expression of LIN28, endogenous NGF and MASH1 (all p > 0.05, Fig. 5B and C) . Moreover, for those expressions, either with or without K252α or LY294002, NGF and NGF+ILM had no statistical difference (all p > 0.05, Fig. 5B and C) , and NGF and NGF +ILM were both statistically higher than ILM (all p < 0.05, Fig. 5B and C).
Discussion
The pathogenesis of IMH has attracted increasing attention from the medical community recently. A large number of researchers have shown that the activity of NGF and Müller cells plays important roles in the repairing of macular hole (Zhang et al., 2017) . Previous studies have found that NGF, ILM or NGF+ILM promotes the activation and secretion of Müller cells, and the mechanism involves a variety of signaling pathways associated with cell activity, cell cycle and transdifferentiation (Trueblood et al., 2001; Jian et al., 2015a) . There is a close relationship between NGF, dedifferentiation and gliosis of Müller cells. Therefore, we raise the hypothesis that a NGF and NGF+ILM-Müller cell co-culturing system could induce activation and promote dedifferentiation of Müller cells by enhancing pluripotent characteristics, inhibiting glial processes, promoting re-entry into the cell cycle, and promoting transdifferentiation into photoreceptor cells.
In the retina, NGF supports the existence of retinal ganglion cells (RGCs) and photoreceptors directly against degeneration or stimulates additional neurotrophic factor expression from Müller cells to indirectly enhance photoreceptor survival (Carmignoto et al., 1989; Lenzi et al., 2005) . NGF is a neurotrophin family member that has been widely investigated for its defensive role in neurons. The expression of NGF and its high affinity receptor TrkA increases compensatively and protectively in many conditions, such as neurogenic inflammation, oxygen-induced retinopathy, and ocular hypertension (Liu et al., 2010; Rudzinski et al., 2004) .
In this study, we revealed that exogenous NGF, via the TrkA and PI3K/Akt signaling pathways, promoted the expression of cyclin D1, pAkt, PAX6, SOX2, and LIN28. Moreover, we found that cyclin D1, NGF and MASH1 were up-regulated by exogenous NGF through the inhibition of the expression of let-7b, let-7d, let-7i and miR-98 and further promoted Müller cells to dedifferentiate into retinal stem cells and then redifferentiate into optic cone and optic rod cells. We also demonstrated that LIN28 mediated the above processes. The above results support the following hypothesis: Müller cells could be activated and enter the cell cycle through the TrkA/PI3K/Akt signaling pathway after treatment with exogenous NGF; then, Müller cells could be promoted into pluripotency and dedifferentiation, and the expression of SOX2 increased. Under the continuous effects of NGF, increased SOX2 expression promotes expression of LIN28, which inhibits expression of the downstream let-7 family member and finally, together with the increased expression of the molecules important to neurogenesis, the glial process of Müller cells could be inhibited and the process of the transdifferentiation of Müller cells towards photoreceptor neurons could be enhanced. The above hypothesis is summarized in Fig. 5D .
According to Fig. 5D , NGF promotes the repair of damaged retina, and this was more beneficial than the traditional repair mode. NGFassisted repair could avoid the adverse effects of glial repair, and at the same time Müller cells could be promoted to transdifferentiate into neurons, which could compensate the damaged neurons. Moreover, ILM alone promotes Müller cells to enter the cell cycle and proliferate, and so NGF combined with ILM could have more significant effects on the proliferation of Müller cells than NGF alone. Our study provides important information that could be used to design and/or optimize therapies for full-thickness macular hole (FTMH).
Currently, the treatment for macular hole mostly uses vitrectomy techniques combined with ILM peeling a variety of surgical methods to improve the therapeutic effect (Singh, 2009 ). However, these methods lack sufficient scientific foundation. Considering the important role of Müller cells and ILM in the pathogenesis of macular hole and the ability of NGF to promote the transdifferentiation of Müller cells, we suggest that NGF combined with ILM can be used to treat macular hole for better therapeutic effect. We also suggest that patient prognosis might be improved by employing NGF and NGF combined with ILM (Vingolo et al., 2015) .
The main innovative points are as follows: (1) NGF combined with autologous ILM transplantation was used to treat Müller cells; (2) we revealed that NGF/ILM, through PI3K/Akt signals, activated the Müller cells to make them enter the cell cycle, enhancing their pluripotency; (3) continuous NGF treatment could further promote the transdifferentiation of Müller cells towards photoreceptor cells via the SOX2/ LIN28/let-7 signaling pathways; (4) exogenous NGF could stimulate the expression of endogenous NGF and MASH1, which further promote transdifferentiation of Müller cells. The findings of this study provide insight for improving therapeutic treatment of IMH.
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